T h e ne w e ngl a nd jou r na l o f m e dic i ne n engl j med 359;6 www.nejm.org august 7, 2008 564 E xtensively drug-resistant tuberculosis has been reported in 45 countries 1 since it was first described in 2006. This seminal survey found extensively drug-resistant tuberculosis -then defined as Mycobacterium tuberculosis strains with resistance to at least isoniazid, rifampin, and members of three of six classes of second-line drugs -in 10% of multidrug-resistant tuberculosis strains collected on six continents. 2 Isoniazid and rifampin are the anchors of standard first-line therapy. 3 Resistance to these two drugs, which defines multidrug-resistant tuberculosis, is associated with a decreased probability of cure. [4] [5] [6] Treatment regimens for multidrug-resistant tuberculosis rely on the most active second-line drug classes -fluoroquinolones and injectable agents (amikacin, capreomycin, and kanamycin). 7, 8 For patients with infecting isolates that are resistant to drugs in these classes -now defined as extensively drugresistant tuberculosis 9 -the probability of cure is often even lower. [10] [11] [12] A report from KwaZulu-Natal Province, South Africa, suggested that in patients coinfected with human immunodeficiency virus (HIV), extensively drug-resistant tuberculosis is rapidly fatal if not treated 13 ; other reports have raised the specter of untreatable tuberculosis. 10, 14, 15 The standard of care for patients with resistant tuberculosis consists of hospital-based regimens that are customized according to the treatment history and strain-susceptibility profile. In many resourcepoor settings, however, obstacles to appropriate treatment exist, including inadequate infrastructure and insufficient numbers of trained staff. 16 Outpatient therapy, provided free of charge to patients through a country's public health system and delivered by community health workers, overcomes many of these impediments. Such a program has been established in Peru, with supervised outpatient treatment of resistant tuberculosis delivered under the aegis of a model, decentralized national tuberculosis program. 17, 18 Individualized treatment for multidrug-resistant tuberculosis was introduced in a pilot project in northern Lima in 1996 and subsequently offered nationwide. 19, 20 Care is provided to patients not cured by first-line tuberculosis regimens. Here, we report the baseline prevalence of extensively drug-resistant tuberculosis and the characteristics of patients receiving individualized tubercu-losis treatment. We also describe the strategy used and the outcomes achieved in treating patients with extensively drug-resistant tuberculosis.
Me thods
We conducted a retrospective study of patients referred for individualized tuberculosis treatment in metropolitan Lima, Peru, between February 1, 1999, and July 31, 2002. Comprehensive outpatient treatment, free of charge to patients, was delivered to all eligible patients in the catchment area by a consortium led by the National Tuberculosis Program. The study was approved by the Office for Research Subject Protection at Harvard Medical School and the Ministry of Health in Peru. Written informed consent was obtained from all par ticipants.
Study Population
Our study included 810 patients with tuberculosis. Most had been treated unsuccessfully for the disease (defined as treatment failure or relapse); a few had had contact with patients with multidrug-resistant tuberculosis. Eligibility for treatment was determined on the basis of the treatment and contact history, irrespective of the severity of the disease and whether or not the patient had been hospitalized. During the study period, changes in program policy permitted enrollment of patients who had received fewer prior treatment regimens. 18,21 Drug-susceptibility profiles were not normally known at the time of referral.
Drug-susceptibility testing was ordered for all referred patients. Inclusion in the study was restricted to patients with baseline drug-susceptibility test results for at least four drugs: isoniazid and rifampin, one fluoroquinolone, and one second-line injectable drug (kanamycin, capreomycin, or amikacin). Seven patients who underwent drug-susceptibility testing were not included because they died before individualized treatment could be initiated. kanamycin, cycloserine, capreomycin, ethionamide, and ciprofloxacin. By 2001, tests for aminosalicylic acid (para-aminosalicylic acid, or PAS), amikacin, and levofloxacin were also routinely performed. (Concentrations and methods used  for drug-susceptibility testing are detailed in Table 1 in the Supplementary Appendix, available with the full text of this article at www.nejm.org.) Clinicians could request additional drug-susceptibility testing for patients as required to develop a satisfactory regimen. 8 Regimens were constructed with a goal of prescribing at least five antituberculosis agents likely to be effective, including a fluoroquinolone and an injectable agent (see Table 2 in the Supplementary Appendix for details on dosing) 8 ; there were no special treatment protocols for patients with extensively drug-resistant tuberculosis. Empirical therapy, based on the treatment and contact history, was started pending the results of the drug-susceptibility tests. Once test results were available, regimens were adjusted as necessary. A drug was considered likely to be effective if all baseline drug-susceptibility tests showed susceptibility to that drug; if no drugsusceptibility test results were available, a drug was considered likely to be effective if the patient had not received that drug for at least 30 days. The duration of treatment was at least 18 months for oral agents and at least 8 months after culture conversion for the injectable drug. If a regimen did not contain five medications categorized as likely to be effective, reinforcing strategies were implemented; these were extending the duration of treatment with the injectable agent or the duration of the whole regimen, adding other drugs, or both. Added drugs included those that the patient had received previously but to which the patient's isolate had confirmed in vitro susceptibility. Clarithromycin, amoxicillinclavulanate, clofazimine, and rifabutin, which have questionable activity against multidrug-resistant tuberculosis, could also be added. Patients with localized disease were referred for resective thoracic surgery, according to criteria described previously. 22 After surgery, medical therapy was continued, often for more than 18 months.
Comprehensive treatment included other standard elements. Community health workers supervised daily ambulatory treatment. 20 Hospitalization was available, if medically indicated. Patients requiring hospitalization were transferred to outpatient care once their condition had stabilized and they had been discharged. Baseline screening and ongoing monitoring are detailed elsewhere. 19 Monthly sputum samples were collected for smear microscopy and culture, which was performed at local laboratories.
In patients without conversion of sputum culture after 4 months of treatment, drug-susceptibility testing was performed, with reinforcement of the regimen (defined as the addition or substitution of two agents that were likely to be effective), if possible. This practice was repeated as necessary. Adverse events were managed aggressively with the use of standard algorithms. 23, 24 Nutritional support, group therapy, and opportunities for income generation were provided, as needed. 25, 26 After the completion of treatment, patients were screened, clinically and bacteriologically, for recurrent disease. If disease was detected, efforts were made to reduce household transmission and, when possible, to restart individualized regimens.
Data Collection
Variables collected through standardized chart abstraction included previous treatment exposure, demographic characteristics, presence or absence of cavitary and bilateral disease on chest radiography, presence or absence of coinfection with HIV (HIV testing was routinely offered at baseline), and limited hospitalization data. Data on the frequency of adverse events and related regimen changes were not abstracted.
Definitions of Terms and Outcomes
Patients were classified according to the results of all baseline drug-susceptibility tests, which were those performed on sputum specimens collected before, or up to 31 days after, initiation of the individualized regimen. Patients whose isolates were not resistant to at least isoniazid and rifampin were excluded from analysis. Multidrugresistant tuberculosis was defined as resistance to both isoniazid and rifampin but not to both an injectable agent and a fluoroquinolone. Extensively drug-resistant tuberculosis was defined as laboratory-confirmed resistance to all of the following, at minimum: isoniazid, rifampin, any fluoroquinolone, and any second-line injectable agent. 9 Although subsequent resistance testing was performed in cases of nonresponse to treatment, patients were not reclassified according to these results.
Standard definitions for cure, treatment completion, treatment failure, and death were used. 27 Treatment default was a physician-defined end point assigned upon the failure of attempts to return to therapy those patients who had not been adhering to their treatment regimen. Recurrent disease was defined as two or more positive bacteriologic results, or reinitiation of therapy, after treatment completion or cure.
Statistical Analysis
We used SAS software, version 9.12, for data analysis. All P values -calculated with the chi-square test for dichotomous variables, odd ratios, and hazard ratios and with Student's or Satterthwaite's t-test for continuous values -were two-sided. The effect of extensively drug-resistant tuberculosis on time to an end point (culture conversion, cure, or death) was estimated with the use of the product-limit method. 28 Data were censored when an outcome other than death was recorded. Patient follow-up ended (and data were censored) on September 12, 2007, for patients still receiving treatment.
R esult s
Of 810 patients receiving individualized regimens, 651 had isolates that were tested for the requisite drugs at baseline. Extensively drug-resistant tuberculosis was identified in 48 of these patients (7.4%); multidrug-resistant tuberculosis was identified in the remaining 603 (92.6%). None of the seven patients who died before treatment were infected with HIV; one of these patients (14.3%) had extensively drug-resistant tuberculosis, and all the others (85.7%) had multidrug-resistant tuberculosis.
Patients with extensively drug-resistant tuberculosis had undergone more treatment regimens before the study than had patients with multidrug-resistant tuberculosis (mean [±SD] number of regimens, 4.2±1.9 vs. 3.2±1.6; P<0.001). The former group also had isolates resistant to more of the 12 agents or classes for which drug-susceptibility testing was routinely performed (8.4±1.1 vs. 5.3±1.5, P<0.001). Coinfection with HIV was rare, occurring in nine patients with multidrugresistant tuberculosis (1.5%) and none of the pa-tients with extensively drug-resistant tuberculosis (P = 1.00) (Table 1) .
Patients with extensively drug-resistant tuberculosis received an average of 5.3±1.3 antimycobacterial agents for which either susceptibility had been documented or the duration of prior exposure had not exceeded 1 month and susceptibility had not been tested. All patients with extensively drug-resistant tuberculosis received cycloserine, at least one injectable agent, and one fluoroquinolone ( Fig. 1) . Forty-six patients with extensively drug-resistant tubercu lo sis (97.9%) received two or more of the following agents: amoxicillinclavulanate, clarithromycin, clofazimine, and rifabutin ( Table 2 ; see Table 3 in the Supplementary Appendix for details of the regimen for each patient). Additional drugs, either previously administered or with inconsistent results on drugsusceptibility tests, were often included.
Eleven patients with extensively drug-resistant tuberculosis were hospitalized at one or more points during individualized treatment; the median cumulative duration of hospital care was 14 days (interquartile range, 5 to 54), including hospitalization for surgical resection (Table 3) . Surgery, as an adjunctive treatment for tuberculosis, was performed in 7 patients with extensively drug-resistant tuberculosis (14.6%) and in 87 patients with multidrug-resistant tuberculosis (14.4%). Three patients with extensively drugresistant tuberculosis had positive cultures at the time of surgery. In two of these patients, the sputum culture had remained positive during individualized treatment; both had poor outcomes.
A median of 99.6% of expected monthly cultures were performed (interquartile range, 90.9 to 100), permitting evaluation of response to therapy and outcomes at the end of treatment.
Among 16 patients (33.3%) with extensively drug-resistant tuberculosis whose sputum cultures remained positive after 4 months of treatment, regimen reinforcement was possible in only 3 (18.8%). Adjustments in the regimen included a change to a later-generation fluoroquinolone, a change in the injectable agent, and the addition of one or more other agents (amoxicillin-clavulanate, clarithromycin, or clofazimine).
The median time to conversion from a positive to a negative culture was longer for patients with extensively drug-resistant tuberculosis than for patients with multidrug-resistant tuberculosis (90 days vs. 61 days; hazard ratio, 0.63; 95% Susceptible, never exposed Susceptible, exposed >1 mo No DST available, never exposed No DST available, exposed >1 mo Some susceptibility testing was performed for these agents. Asterisks indicate that some testing was performed for these agents. However, because of the relative infrequency of testing, as well as the lack of standardization or confirmed clinical relevance of tests for these drugs, clinicians relied less on these results than on those for other drugs. 
Drugs included
First-line oral agents 
Discussion
This study shows that an aggressive, comprehensive management program can cure more than 60% of patients with extensively drug-resistant tuberculosis who are not infected with HIV but who have received numerous unsuccessful antituberculosis treatments. Culture conversion was delayed by nearly 1 month in the study patients who had extensively drug-resistant tuberculosis as compared with those who had multidrug-resistant tuberculosis, yet the frequency of cure or relapse and the risk of death did not differ significantly between the two groups of patients. The sample size afforded 80% power to detect differences in risk of more than two. The comparison population -patients with multidrugresistant tuberculosis -had extensive resistance, prior treatment exposure, and parenchymal damage, which may explain the attenuated difference.
Several principles of management of highly resistant disease were concurrently applied to all patients in this program. First, aggressive regimens -with many drugs, at the highest tolerated doses -were used to maximize the chemotherapeutic benefit. Treatment was protracted, lasting more than 2 years in most patients. The results of drug-susceptibility testing were used to design (and adjust) regimens containing at least five drugs that were likely to be effective whenever possible. Regimens relied heavily on three agents with little prior use in Peru: capreomycin, PAS, and cycloserine.
Since resistance to more than one aminoglycoside was common, capreomycin, a polypeptide, was used in 25 of the patients with extensively drug-resistant tuberculosis (52%). Streptomycin was another alternative; it was prescribed when susceptibility to streptomycin at a concentration of 10 µg per milliliter was documented. In this study the injectable agent was delivered for a median of nearly 15 months as compared with a median of less than 6 months in other studies in which the duration of use of injectables was reported. 18, 29, 30 Moxifloxacin and levofloxacin were commonly included in the individualized regimens -even in patients with isolates that were resistant to ciprofloxacin. This practice reflects the importance of using fluoroquinolones in the treatment of multidrug-resistant tuberculosis 7, 8, 31 and is supported by evidence that the efficacy of later-generation fluoroquinolones may be preserved, despite resistance to ciprofloxacin. [32] [33] [34] Finally, when necessary, clinicians reinforced regimens with pyrazinamide and ethambutol (despite extensive prior exposure to these drugs) with drugs for which susceptibility test results were inconsistent, and with amoxicillin-clavulanate, clarithromycin, clofazimine, and rifabu- tin. [35] [36] [37] [38] Although evidence of the efficacy of these approaches is limited at best, we cannot exclude the possibility that one or more contributed to treatment success, either by increasing the regimen's activity or by providing protection against the emergence of resistance to more active agents. 39 We also cannot exclude the possibility that additional toxic effects induced by this strategy increased the probability of treatment default. With the de fault from treatment of only three patients with extensively drug-resistant tuberculosis, however, additional toxicity is an unlikely influence. Second, resective surgery was indicated for patients with high-grade resistance, relatively localized disease, and lack of initial response, even in patients with restricted lung volume. 22 Medical treatment was prolonged among patients receiving surgery. Poor outcomes among patients with extensively drug-resistant tuberculosis who had surgery were less frequent (28.6%) than among all patients with extensively drug-resistant tuberculosis (39.6%). Since patients for whom treatment failed or who died were not eligible for surgery, however, we cannot draw a causal inference about its effect. Corticosteroid use, although not recorded, was frequent. 24 Other adjunctive therapies were rejected for lack of evidence. [40] [41] [42] [43] [44] Third, frequent contact with health care workers afforded many benefits. Daily, supervised treatment was delivered in patients' homes and at health centers. Workers ensured a high level of treatment adherence and promptly identified circumstances requiring additional attention. These included adverse events, which were managed aggressively by nurses and clinicians. Psychosocial needs were also assessed continuously and addressed with a range of interventions. 26 Fourth, bacteriologic assessment was integral to the strategy. Monthly monitoring permitted early identification of patients with no response. Individualized regimen design relied on the results of baseline drug-susceptibility testing. In addition, repeated drug-susceptibility tests were performed and regimens adjusted for patients who did not have a response to treatment. The ability to adjust regimens, however, was severely restricted by extensive resistance and prior exposure.
It is noteworthy that the outcomes in our study were better than most outcomes reported from hospitals in Europe, the United States, and Korea, are defined as those who finished treatment according to protocol but who did not meet the definition for cure or treatment failure owing to lack of bacteriologic results (i.e., fewer than five cultures were grown in the final 12 months of therapy). ‡ Treatment default was defined as the failure of attempts to return to therapy patients who were not adhering to their treatment regimens. § Treatment was considered to fail for those patients who had two or more positive cultures among the five cultures recorded in the final 12 months of the study or for whom any one of the final three cultures was positive. where cure was achieved in fewer than half of patients with extensively drug-resistant tuberculosis. [10] [11] [12] One exception was a study in Latvia, in which cure was achieved in 61% of such patients. In this study, however, extensively drug-resistant tuberculosis was defined as M. tuberculosis isolates that were resistant to isoniazid, rifampin, and members of three of the six classes of secondline drugs. The hospitalized patients in KwaZulu-Natal 13 had advanced acquired immunodeficiency syndrome; more than half had never received treatment for tuberculosis. They were therefore neither expected to have nor treated for resistant disease. The large number of patients who died after a short interval in this study underscores the importance of timely diagnosis of resistant tuberculosis and initiation of effective antituberculosis and antiretroviral therapy in patients who are also coinfected with HIV. The detection of a common tuberculosis strain in a large proportion of the KwaZulu-Natal patients highlights the benefit of avoiding nosocomial transmission by delivering treatment in the community. For severely ill patients, however, hospitalization may be required; in these situations, adequate infection control is essential to protect staff and patients. Unlike most of the patients in the KwaZulu-Natal study, most of the patients in our study had long-standing tuberculosis. Less than 20% of the study patients had previously been admitted to a hospital. It is therefore improbable that nosocomial transmission of highly resistant strains of tuberculosis accounted for disease in this group. Indeed, in the patients in Peru, extensively drug-resistant tuberculosis probably reflected progressive acquisition of drug-resistance mutations during sequential exposure to inadequate treatment regimens; the patients with extensively drug-resistant tuberculosis had received even more prior therapy than had the patients with multidrug-resistant tuberculosis who had received prior treatment.
Development of extensively drug-resistant tuberculosis is inevitable when injectable agents and fluoroquinolones are used, because of selection for spontaneously occurring resistant mutants. 45, 46 The speed and extent to which resistance emerges can, however, be mediated through careful use of these agents. This resistance probably reflects the danger of using second-line agents in uncontrolled situations or as part of inadequate regimens. 47 In Peru, as in many coun-tries, private practitioners prescribed aminoglycosides and fluoroquinolones for tuberculosis before these agents were formally introduced as part of treatment regimens for multidrug-resistant tuberculosis. In the mid-1990s, the National Tuberculosis Program in Peru included kanamycin as part of a 12-month retreatment regimen. Subsequently, kanamycin and ciprofloxacin were included in the standardized five-drug regimen introduced by the program in October 1997 for the treatment of multidrug-resistant tuberculosis. This regimen also included ethambutol and pyrazinamide, which patients had already received. Of 466 patients treated with that regimenwhich consequently contained only two or three new drugs -48% were cured. 18 The use of kanamycin and ciprofloxacin in subcurative regimens probably contributed substantially to the development of extensively drug-resistant tuberculosis; almost 90% of the patients with extensively drug-resistant tuberculosis in our study had prior exposure to these agents. Prescription of a standardized regimen for multidrug-resistant tuberculosis that contained at least four drugs categorized as likely to be effective may have produced better results than the regimen introduced in 1997. 48, 49 Our study has several limitations. The study design (an observational study involving individualized regimens, without controls) and the small number of patients preclude identification of patient or treatment characteristics that had a causal effect on outcomes. Data on the frequency of adverse events, and their effect on completion of the regimen, were not available; prior work, however, revealed that severe adverse events were uncommon and rarely resulted in discontinuation of the regimen. 50, 51 Also unavailable were data on other management approaches for extensively drug-resistant tuberculosis in Peru with which our approach could be compared. Future work will estimate the effect of various components of the approach on outcomes.
The patients in our study received therapy for extensively drug-resistant tuberculosis after having received multiple unsuccessful treatments; only one patient with extensively drug-resistant tuberculosis had never received prior treatment for tuberculosis. These patients may therefore represent a survival cohort. It is impossible, however, to assess the effect of a survivor bias on treatment outcomes in the absence of a compari-son group -that is, patients with extensively drug-resistant tuberculosis who had not received prior treatment. One relevant comparison can be made between those with more and those with less exposure to prior treatment: more exposure is associated with an increased, not decreased, risk of death. Since it is common under program conditions that therapy for multidrug-resistant tuberculosis or extensively drug-resistant tuberculosis is reserved for patients who have received repeated treatments for tuberculosis, our results can be generalized to many patient populations treated in low-to middle-income countries. Exceptions include patients with HIV coinfection and those who are initially infected with a strain of extensively drug-resistant tuberculosis. As part of future efforts, it will be important to document what will probably be the superior effect of treatment for extensively drug-resistant tuberculosis in patients who have not had prior treatment for tuberculosis.
In conclusion, despite the limited resources in Peru, aggressive regimens, as part of a com-prehensive outpatient therapeutic approach, cured more than half of patients with extensively drugresistant tuberculosis who had previously been treated for tuberculosis. This strategy has now been integrated into the routine approach to treatment in Peru's National Tuberculosis Program. 52 Nevertheless, our study underscores the importance of developing other interventions that will further improve treatment outcomes, as well as stem the development and spread of extensively drug-resistant tuberculosis. [53] [54] [55] [56] [57] [58] 
